INTRODUCTION
Testis exerts two major functions, an endocrine function, characterized by synthesis of androgens, and an exocrine function via spermatogenesis. Spermatogenesis, which takes place within seminiferous tubules, is a highly controlled process that may be divided into three principal phases: spermatogonia proliferation, spermatocyte meiosis and spermatid differentiation (Clermont 1972) . In addition, developing germ cells must progressively migrate from the basal to the adluminal compartment of seminiferous tubules so that fully differentiated spermatids can be released into the lumen at spermiation. Within the seminiferous epithelium, spermatogenesis is supported by Sertoli cells that provide structural and nutritional supports for the developing germinal cells (Griswold 1993) . Spermatogenesis requires a functional hypothalamopituitary system, involving luteinizing hormone (LH) and follicle stimulating hormone (FSH), and a local control via paracrine signals. FSH stimulates the proliferation of Sertoli cells during the neonatal period. LH indirectly controls spermatogenesis through androgens produced by Leydig cells located in the interstitial compartment between the seminiferous tubules.
Local cell -cell interactions, including direct contact-dependent junctional pathways, are also essential in the regulation of mammalian spermatogenesis and in the maintenance of the male phenotype (Mruk & Cheng 2004 ). These junctions are composed of specialized proteins implicated in cell adhesion (cadherin, catenin, nectin, integrin, etc.) and in the regulation of paracellular diffusion, the establishement and maintenance of cell polarity, and in cell attachment (occludin, claudin, Zonula occludens, etc.) (reviewed in Cheng & Mruk 2002) . A third type of junction present in the testis is gap junctions and their constitutive proteins, connexins (Cxs). The present review seeks to update the recent developments on Cx identification and function in the control of spermatogenesis and their alteration in testicular diseases such as cancer of the testis.
GAP JUNCTION CHANNELS AND CONNEXINS
Gap junctions are intercellular plasma membrane channels that create electric and metabolic coupling from cell to cell in a wide variety of tissues. Gap junctions are formed by the docking of two hemi-channels, termed connexons, present at opposing plasma membranes of adjacent cells, resulting from the oligomerization of six protein subunits named connexins. Connexons, which are delivered to the cell surface, assemble into gap junction plaques that coalesce within the plane of the cell membrane (figure 1). Today, 20 members of this multigene family, mapped on different chromosomes, have been cloned in the mouse genome (mCx23, mCx26, mCx29, mCx30, mCx30.2, mCx30.3, mCx31, mCx31.1, mCx32, mCx33, mCx36, mCx37, mCx39, mCx40, mCx43, mCx45, mCx46, mCx47, mCx50 and mCx57) , while 21 connexin genes (hCx23, hCx25, hCx26, hCx30, hCx30.2, hCx30.3, hCx31, hCx31.1, hCx31.9, hCx32, hCx36, hCx37, hCx40, hCx40.1, hCx43, hCx45, hCx46, hCx47, hCx50 , hCx59 and hCx62) have been identified in human (Willecke et al. 2002; Sohl & Willecke 2003) . The current nomenclature is based on their molecular weights. Cxs assemble into homomeric or heteromeric hemichannels, which can dock with hemichannels from adjacent cells to form homotypic or heterotypic gap junction channels when the same Cxs or different Cxs associate. Depending on the Cx type, the pore diameter can vary from 6.5 to 15 Å and allow the passage of molecules less than 1.5 kDa such as amino acids or short peptides, ions (Cl 2 , Na þ , K þ and Ca 2þ ) and second messengers such as cyclic adenosine monophosphate (cAMP) and inositol 1,4,5-trisphosphate (IP3; Bruzzone et al. 1996) . Since heterotypic channels exhibit different unitary conductance and permeability to signalling molecules that pass through these channels, it is probable that the different Cxs support functional specialization in different cell types (reviewed in Cottrell & Burt 2005) .
This process of molecular signal exchange through gap junctions, called gap junction intercellular communication (GJIC), appears to be involved in several cellular processes including homeostasis, electrical coupling, intercellular synchronization, metabolic support, embryogenesis, hormone responsiveness and control of cell growth (reviewed in Hervé et al.
2007
). GJIC can be regulated at different levels including, Cx, connexon docking and gating of the channel. The co-expression of at least two different Cxs that form a heteromeric connexon within the same cell is another mechanism by which the channel function can be controlled (Martin & Evans 2004) .
The regulation of Cx expression depends on a finetuned balance involving various processes, such as gene transcription, mRNA processing, protein synthesis, post-translational modifications (phosphorylation), assembly in the Golgi apparatus, transport to the cell surface, anchoring to the cytoskeleton, regulation of internalization and degradation of the protein (Saez et al. 2003) . In pathological situations, disruption of GJIC, which could be caused by several mechanisms such as mutation of Cx, altered expression of the Cx genes (methylation) or impaired trafficking of the protein to the plasma membrane, can lead to a loss of balanced control between cell proliferation, differentiation and apoptosis (Chipman et al. 2003 ). An interesting feature is that impaired GJIC and Cx expression have been reported in numerous human tumours, almost all malignant cell lines, and after exposure to tumour promoters and oncogene expression (Trosko & Ruch 1998; Mesnil et al. 2005; Pointis et al. 2007) . The notion that Cx are tumour-suppressor genes came from the observation that Cx transfection into transformed cells restores normal cell growth, leading to the proposal that pharmacological Cx up-regulation may be of therapeutic interest in the treatment of cancer (Trosko & Ruch 2002; Salameh & Dhein 2005) . In addition to the classical role of gap junction, recent studies reported that undocked channels also exert physiological roles. Indeed, hemi-channels could be involved in numerous cellular processes such as the release of ATP, NAD þ , prostaglandins and glutamate, intercellular Ca 2þ wave propagation, cell-volume control and the passage of survival signals (reviewed in Spray et al. 2006) . Cxs themselves may function as scaffold protein for the attachment of cytoplasmic elements and potentially play a role other than that classically described for intercellular communication (Huang et al. 1998) . More recently, a second family of three geneencoding proteins named pannexins (Panx1, Panx2 and Panx3) were cloned in vertebrates and these proteins were found homologous to the invertebrate gap junction proteins innexins (Bruzzone et al. 2003; Baranova et al. 2004) . However, in contrast to connexins, which constitute the intercellular gap junction channels, it has been postulated that pannexins play an important biological paracrine role as single membrane channels that allow the release of ATP and, thus, the modulation of the intercellular Ca 2þ wave transmission between cells (Scemes et al. 2007 ).
CONNEXIN DISTRIBUTION IN THE TESTIS
The testis is a well-organized tissue that needs efficient and fast intercellular communication involved in germ cell proliferation, migration, differentiation and apoptosis. The cross-talk between testicular cells may be mediated through several mechanisms including paracrine/autocrine pathways, direct intercellular contact (via adhesion molecules), as well as gap junctional pathways (reviewed in Mruk & Cheng 2004; Pointis & Segretain 2005) .
In rodents, transcripts for Cx26, Cx30.3, Cx31, Cx31.1, Cx37, Cx40, Cx45 and Cx46 were detected in the foetal testis ( Juneja 2003) and for Cx26, 30.2, 31, 31.1, 32, 33, 37, 40, 43, 46 and 50 in the adult testis (Risley 2000) . However, the precise localization of the corresponding proteins has not been clearly demonstrated (table 1) . Cx43, the most predominant Cx, is located in both interstitial and seminiferous tubule compartments. Cx43 is the only Cx expressed in Leydig cells (Risley et al. 1992 ; Pérez-Armendariz Manthey et al. (1999) et Varanda & de Carvalho 1994; Batias et al. 1999) . It has been suggested that Cx43 gap junctions in Leydig cells may coordinate the androgenic secretory activities of these cells associated with specific stages of the seminiferous epithelium. Cx43 was detected within the seminiferous tubules from birth to all postnatal stages Perez-Armendariz et al. 2001) . Cx43 immunostaining was first localized in the adluminal region of the growing tubules. At the onset of the blood -testis barrier formation, the Cx43 signal progressively moves towards the basal region of the tubules following the seminiferous epithelium compartmental reorganization (Tan et al. 1996; Batias et al. 2000) . The Cx43 signal shift from the luminal to the basal region of the seminiferous tubules could be due to the progressive reorganization of palissadic epitheliallike Sertoli cells to the final typical tree-like aspect of the adult Sertoli cells and to the large germ cell proliferation, which invade most of the spaces within the tubules and participate in the Sertoli cell remodelling.
In the mature testis Cx43 is mainly found at the level of the blood -testis barrier between Sertoli cells and probably allows the synchronization of Sertoli cell function metabolism during the first wave of spermatogenesis and during specific stages of the adult seminiferous epithelium (Risley et al. 1992 ). Cx43 present between Sertoli and germ cells could promote Sertoli cell to germ cell metabolic coupling and cell signalling (Batias et al. 1999 (Batias et al. , 2000 Gilleron et al. 2009 ). Cx43 mRNA are specifically localized in the basal seminiferous compartment and equally distributed in the somatic cells, Sertoli cells, and in spermatogonia and spermatocytes of rat (Batias et al. 2000) and human , suggesting that Cx43 gap junction channels could allow communication between these two cell types. Other studies suggested that the multiple gap junction communication pathways that occur within the seminiferous epithelium cells could offer different permeability properties and different regulatory properties (Risley et al. 2002) . By developing a sophisticated assay that allows the correlation of three parameters (function, cell identification and Cx43 expression), we demonstrated that Cx43 gap junction coupling occurs between adjacent Sertoli cells, and between Sertoli cells and spermatogonia and early and late spermatocytes, but not between Sertoli cells and spermatids (figure 2a; Decrouy et al. 2004) . A similar conclusion was also drawn from observations in the catfish Pseudoplatystoma fasciatum, demonstrating that Cx32, the homologue of Cx43 in this species, was localized in Sertoli cells and inside germinal cysts present at the base of the seminiferous tubules and containing secondary spermatogonia and primary spermatocytes (Batlouni et al. 2005) .
Cx26 and Cx32 are present in the apical regions of the seminiferous epithelium (Risley et al. 1992) . We have recently demonstrated that Cx32 was present in Sertoli cells, but undetectable in germ cells , in contrast to Cx31, which was only found in germ cells, such as spermatogonia and early spermatocytes (leptotene, zygotene; Mok et al. 1999 ).
The Cx33 gene has been cloned in the rodent testis (Haefliger et al. 1992 ) and Cx33 mRNAs have been detected in this organ (Chang et al. 1996) . The product of Cx33 gene appears specifically restricted to Sertoli cells (Tan et al. 1996; Fiorini et al. 2004a spermatocytes and round spermatids (Chung et al. 1999; Risley 2000) . Cx33 has been described as the only wild-type Cx able to exert an inhibitory effect on gap junction channel function by altering the junctional conductance when coexpressed with other Cxs (Chang et al. 1996 (Chang et al. , 1999 . The mechanism(s) by which Cx33 blocks the gap junction coupling has been extensively studied by our group. In the testis, Cx33 is able to specifically associate with Cx43 and not with Cx26 and Cx32, and to sequester Cx43 within early endosomes when overexpressed in a Sertoli cell line (Fiorini et al. 2004a,b) . By using Cx33 and Cx43 transfected Sertoli cells, we recently demonstrated that the two Cxs can be assembled into the same connexons (heteroconnexons) that trafficked from the Golgi apparatus to the plasma membrane with the same velocity as the Cx43 homoconnexons. However, in contrast to Cx43 connexons, these heterocomplex structures were not stable at the plasma membrane and were rapidly internalized ), explaining both the uncou09-pling of Cx33 transfected Sertoli cells and the intracytoplasmic accumulation of the Cx33-Cx43 complex previously described (Fiorini et al. 2004a,b) .
CONTROL OF CONNEXIN 43 IN THE TESTIS
There is now evidence that testicular Cx expression has a multi-component control system dependent on the hormonal environment, the cell types and the developmental and spermatogenic stages. However, neither the hormonal effectors nor the mechanisms that control Cx cell communication in the testis have been clearly characterized. In Leydig cells, Cx43 mRNA is present in 20-dayold rat, reaches a plateau at day 40 and remains at high levels in 65-and 80-day-old rats, suggesting that the expression of Cx43 is dependent on the stage of development (You et al. 2000) . These authors also reported that human chorionic gonadotropin diminished Cx43 mRNA and protein in rat Leydig cells, in vitro and in vivo, and caused a redistribution of Cx43 to the Leydig cell plasma membrane. Studies on the TM3 Leydig cell line demonstrated that increased testosterone secretion in response to LH was associated with reduced intercellular communication, suggesting that gap junction mediated coupling could be the modulator of hormone secretion in Leydig cells and consequently of spermatogenesis (Goldenberg et al. 2003) .
Sertoli cells proliferate during foetal and prepubertal life in mammals and are influenced by multiple endocrine and paracrine factors (for review, see Sharpe et al. 2003) . The key hormones involved in this process are FSH and thyroid hormones. Since Cx43 is an FSH-responsive gene, the possibility that FSH controls neonatal Sertoli cell proliferation and differentiation, partly through Cx activation, has been suggested. This hypothesis is in agreement with data showing that in the ovary FSH increases the levels of Cx43 mRNA, reduces the cell proliferation and enhances the differentiation of granulosa cells, the homologue of testicular Sertoli cells (Sommersberg et al. 2000) . However, such a process has not been clearly established for Sertoli cells. Other studies demonstrated that FSH and cAMP control the electrical coupling (Grassi et al. 1986) , the functional coupling (Pluciennik et al. 1994 ) and the Cx43 intracellular redistribution in Sertoli cells (Lablack et al. 1998) , suggesting that FSH could also exert shortterm effects on Cx43. Recently, we demonstrated in both in vitro and ex vivo models that FSH and its second messenger cAMP could alter gap junction plaque structures within 1 h (Gilleron et al. in press ). Another possibility is that cAMP increases gap junction plaque formation through accretion of Cx43-channels due to PKA activation, as evidenced in cardiac myocytes (Somekawa et al. 2005) . Altogether, these data suggest that in addition to potential genomic effects on Cx43, gonadotropin also exerts a non-genomic action.
Thyroid hormones, specifically through triiodothyronine (T 3 ), can also control Cx43 expression in Sertoli cells and participate in the regulation of Sertoli cell proliferation during neonatal development as recently demonstrated in vivo and in vitro (St-Pierre et al. 2003; Gilleron et al. 2006) . The latter study also demonstrates that T 3 may control Cx function at both genomic and non-genomic levels. The genomic effect, which leads to increased Cx43 levels in Sertoli cells, is associated with a reduced rate of cell proliferation. The non-genomic effect of T 3 may result in an increase of gap junction plaque number and size resulting from activated Cx43 trafficking and dependent on the actin network (Gilleron et al. 2006) . This non-classical and rapid effect could participate in the coordination of Sertoli cell metabolism and also ensure metabolic and signalling coupling to germ cells.
Steroids have also been reported to regulate Cx43-dependent gap junctional communication between Sertoli cells. Previous studies demonstrated that testosterone and 17b-oestradiol (17b-E 2 ) downregulated the electrical and diffusional couplings between Sertoli cells in primary culture Pluciennik et al. 1996) . The identification of putative oestrogen response sites at the promoter region of Cx43 gene suggests that 17b-E 2 increases Cx43 through a genomic pathway mediated by the nuclear oestrogen receptor (Lefebvre et al. 1995) . However, no alteration of Cx43 protein levels was reported in the TM4 Sertoli cell line exposed to 17b-E 2 for 24 h (Aravindakshan & Cyr 2005) . We recently demonstrated that 17b-E 2 as well as 5a-dihydrotestosterone affected cell -cell coupling within 1 h, by disrupting gap junction plaque at the plasma membrane and promoting gap junction plaque internalization, suggesting that 17b-E 2 can control Sertoli cell gap junctions through both genomic and nongenomic pathways (Gilleron et al. in press ). However, the specific mechanism(s) by which 17b-E 2 rapidly altered gap junction plaque is unknown. The possibility that this effect could be mediated through membraneous oestrogen receptor and protein kinase activation involved in Cx trafficking could be hypothesized. Indeed, it has been reported that 17b-E 2 stimulates a Src-mediated translocation of oestrogen receptors to the plasma membrane in Sertoli cells 2005 ) and also to gap junction plaque internalization, as we recently described . A role of oestrogens in Cx43 regulation is also supported by toxicological studies, which show that compounds with oestrogen-like activity altered Sertoli cell Cx43 gap junctions (Kang et al. 2002; Fiorini et al. 2004a,b; Aravindakshan & Cyr 2005; de Montgolfier et al. 2008; Fiorini et al. 2008) .
Another interesting feature is that retinoids, which participate in the control of spermatogenesis by controlling cell cycle regulation and cell -cell interactions (Wolgemuth & Chung 2007) , are also physiological regulators of Cx43 expression in Sertoli cells. This is supported by the observation that testicular Cx43 transcripts and protein are reduced in a mutant mouse deficient in the retinoid X receptor b (Batias et al. 2000) and the findings that Cx43 mRNA levels are undetectable in the seminiferous epithelium of vitamin A-deficient rat but are restored after vitamin A administration (Luk et al. 2003) .
Whether junctional proteins, such as adhesion and tight junction molecules, which are intermingled with Cx at the blood -testis barrier, control Cx43 gap junction at this level, could be also hypothesized. Indeed, it has been reported that E-cadherin influences the intracellular trafficking and function of Cx26 and Cx43 Other data reported that Cx43 in Sertoli cells varies with the stages of spermatogenesis in several species such as mouse (Batias et al. 1999 (Batias et al. , 2000 Yu et al. 2003; Fiorini et al. 2006) , rat (Risley et al. 1992; Tan et al. 1996) , human (Steger et al. 1999; Mauro et al. 2008 ) and fish (de Montgolfier et al. 2007 ). These observations led to suggest that a group of germ cells or specific germ cells could control Cx expression in the somatic cells. This hypothesis has also been supported in mutant mice with specific arrest of spermatogenesis (Batias et al. 1999) . Interestingly in the rainbow trout testis, specific Cx are localized to different testicular cell types, suggesting that the messages exchanged between these cells are different and that they change as a function of the stage of spermatogenesis (de Montgolfier et al. 2007 ). In guinea pig and mink, the distribution of Cx43 within the seminiferous tubules changed with germ cell differentiation in a stage-dependent manner and with the dynamic change of the blood -testis barrier accompanying the translocation of spermatocytes into the adluminal compartment (Pelletier 1995) .
PHYSIOLOGICAL RELEVANCE OF CONNEXINS AND GAP JUNCTION CHANNELS IN SPERMATOGENESIS
There is now strong evidence that Cx43 plays several essential roles during testis development and later in the control of spermatogenesis. From immunohistochemical studies, it has been proposed that Cx gap junctions form a highly controlled transverse and longitudinal intercellular communication network within the seminiferous epithelium (figure 2b,c) (Gilleron et al. in press ). In addition, the functional diversity of gap junctions, related to the nature of the Cx, may allow controlled communication among the many interacting Sertoli cells and germ cell stages to ensure the local synchronization of germ cell proliferation and differentiation (Risley et al. 2002) .
The direct evidence of the involvement of Cx43 in testicular development comes from observations in transgenic mice, in which the Cx genes were invalidated (table 2) . While knock-out animals for Cx31, Cx32, Cx40, Cx46 and Cx50 show normal fertility , Cx43 deficient mice exhibit 50 per cent depletion in primordial germ cells (PGCs) in foetal testes ( Juneja et al. 1999 ). More recent findings showed that Cx43 is essential for PGC motility in 8.5-and 11.5-day-old embryos and cell survival in older embryos, with abnormal p53 activation playing a crucial role in the apoptotic loss of PGCs at the later stages in the Cx43 knock-out mouse embryos (Francis & Lo 2006) .
During the neonatal period, Cx43 appears to be essential in the control of Sertoli cell proliferation since testes from treated neonatal rats with 6-Npropyl-2-thiouracil (PTU), a reversible goitrogen, show an increased Sertoli cell proliferation within the seminiferous epithelium associated with reduced Cx43 levels (Gilleron et al. 2006) and an altered Cx43 localization in the neonatal testis (St-Pierre et al. 2003) . By using an in vitro proliferation model of germ and Sertoli cells associated with the use of Cx mimetic inhibitory peptides, we recently demonstrated that Cx43 gap junctions between Sertoli cells participate in the control of Sertoli cell proliferation and that Cx43 gap junctions between Sertoli cells and spermatogonia are indirectly involved in germ cell number by controlling germ cell survival rather than germ cell proliferation ).
To assess the potential role of Cx43 in spermatogenesis, testes from the null mutant foetuses were grafted under the kidney capsules of adult males and postnatal testis development was analysed since such mice die shortly after birth (Reaume et al. 1995) . As reported above for foetuses, germ cell deficiency persists postnatally, giving rise to a 'Sertoli cell only' SCO phenotype (Roscoe et al. 2001) . The substitution of the Cx43 gene by the coding sequences of Cx32 and Cx40 in knock-in mice (Cx43KI32 and Cx43KI40) results in mature animals with severe impairments of spermatogenesis with SCO seminiferous tubules (Plum et al. 2001) . A direct relationship between Cx43 and germ cell maturation has also been reported in non-mammalian testes. Reduced spermatogonia number has been described in Drosophila males carrying a null mutation in the zero population growth (zpg) locus that encodes the germ line-specific gap junction protein, innexin 4 (Tazuke et al. 2002) . In frog testis, Cx43 transcript and protein show a parallel temporal and spatial pattern of expression throughout the reproductive annual cycle, with higher levels when spermatogenesis is at a maximum level (Izzo et al. 2006 ).
These observations on the role of Cx43 gap junctions in germ cell proliferation during adulthood have been supported by indirect evidence. During stages IX and X of spermatogenesis, we reported that Cx43 was poorly expressed within seminiferous tubules whereas the Cx33 was strongly expressed (Fiorini et al. 2006) . At about these stages of spermatogenesis, residual bodies formed from the excess of germ cell cytoplasm are phagocytosed by Sertoli cells and this process is known to induce the secretion of IL-1a, an activator of spermatogonial DNA synthesis (Amjad et al. 2006) . Thus, we hypothesized that Sertoli cell phagocytosis of residual bodies could control germ cell proliferation by stimulating IL-1a and controlling Cx33 and Cx43 gene expression. In these conditions, the induction of the negative Cx33 could overcome the control exerted by Sertoli cells through Cx43-based gap junctions on germ cell proliferation ). IL-1a has also been reported to restructure the blood -testis barrier during stages VIII -XI of spermatogenesis and to alter the distribution of tight and adherens junction molecules (Sarkar et al. 2008 ). Thus, it is possible that the cytokine affects all similar connexins since gap junctions are intermingled with tight and adherens junctions at this level.
Recently, two laboratories have independently developed Sertoli cell conditional Cx43 knock-out mice using Cre-loxP methodology for a better analysis of the role of Cx43 in spermatogenesis (Brehm et al. 2007; Sridharan et al. 2007) . From these studies, it appears that Cx43 is essential for spermatogenesis, probably through controlling the cessation of proliferation and the differentiation of Sertoli cells. In one of these studies a marked reduction of the spermatogonia number per tubule was measured in Sertoli cell Cx43KO 2/2 mouse testes, suggesting that Sertoli cell Cx43 plays a major role in supporting germ cell proliferation and/or survival (Brehm et al. 2007) . From these studies, it has also been suggested that Sertoli cell Cx43 must exhibit unique regulatory or physiological properties since its loss in Sertoli cell Cx43 knock-out mice cannot be compensated by other Cxs known to be expressed in Sertoli cells and spermatogonia. This hypothesis was also supported by the findings that Cx26 and Cx32, two other Cxs expressed in Sertoli cells, cannot functionally replace Cx43 (Plum et al. 2001; Winterhager et al. 2007 ). However, taken together, these data in Cx43 KO mice do not prove the existence of a close relationship between the alteration of the Sertoli -germ cell Cx43 gap junctions and the reduced germ cell proliferation. Although in some cell types, the loss of function of a Cx can be compensated by other Cxs (Minkoff et al. 1999) , this is unlikely in the testis since the Cx43 gene has conserved an individual and specific role to maintain proliferation and survival of germ cells by both regulating intercellular communications between germ cells and adjacent supporting cells during spermatogenesis.
Another interesting question is whether Cx43 gap junctions between Sertoli cells and germ cells are Review. Connexins and testis G. Pointis et al. 1613 essential during the whole spermatogenic process or only during specific phases. In Sertoli cell conditional Cx43 knock-out mice, descriptions have recorded a reduced number of unidentified early stage germ cells or an arrest of spermatogenesis at the level of spermatogonia (Brehm et al. 2007; Sridharan et al. 2007) . One day after intratesticular injection of Cx43 mimetic peptide, mostly spermatocytes and elongated spermatids were found in the seminiferous epithelium, whereas they contained only primary spermatocytes, and spermatogonia on day 15 post-treatment (Lee et al. 2006) . More recently, it has been demonstrated that a close association between Sertoli cells and pachytene spermatocytes, propably via Cx43 gap junctions, is essential for meiotic progression of rat spermatocytes (Godet et al. 2008) . These findings are in agreement with the previous immunohistochemical studies indicating that the gap junction protein is found in Sertoli cells and in specific germ cells (see §3) . They suggest that Cx43 between Sertoli and germ cells are involved in at least two processes: the proliferation of spermatogonia and the late maturation of spermatocytes. This hypothesis is reinforced by the fact that these two germ cell types express Cx43 mRNA (Batias et al. 2000) and by the functionality of the Cx43 gap junction channel formed between Sertoli cells and these germ cells (Decrouy et al. 2004) . The mechanism(s) by which Cx43 gap junctions control germ cell proliferation is (are) poorly understood. In general, gap junctions may promote cell survival by controlling the flux of necrotic or apoptotic signal effectors or propagating diffusion of vital signals, thereby contributing to cell survival (Krysko et al. 2005) . Intratesticular injection of Cx inhibitory mimetic peptides for pan-Cx and Cx43 but not for Cx31 and Cx33 led to a total dysregulation of spermatogenesis and subsequently triggered germ cell apoptosis via the caspase-3 and the NF-kappaB pathway (Lee et al. 2006) . In Cx43 knock-out mice, primordial germ cell deficiency was associated with abnormal p53 activation (Francis & Lo 2006) . By using an in vitro model of neonatal germ cell proliferation, we recently demonstrated that Cx43 and Cx32 participate in the control of Sertoli cell proliferation and that only Cx43 is involved in germ cell growth by controlling spermatogonia survival rather than proliferation ). These data strongly support the possibility that testicular Cx43 maintains the number of germ cells by regulating Cx43 gap junctions between germ cells and adjacent supporting cells. In addition, it is probable that the physiological significance of Cx on spermatogenesis is the result of fine tuned-balance involving multiple elements such as the nature of Cx involvedash, their association to form functional channels, the communicating cell types (Sertoli-Sertoli or Sertoli-germ cells), the stage of the testicular development, the spermatogenic stages and the hormonal control. In view of recent studies demonstrating a role of hemi-channels (see §1), we cannot exclude that Sertoli hemi-channels act as a paracrine conduit to spread factors that modulate the fate of germ cells.
Another possibility is that Cxs and/or gap junctions may control the germ cell proliferation process through indirect regulation of tight and adherens junctions. Indeed, this putative regulation has been recently discussed in a review paper for several cell types, such as hepatocytes, mouse hepatic cells and in human airway epithelial Calu-3 cells (Kojima et al. 2007) . At the level of the blood -testis barrier adherens junctions, tight junctions and gap junctions are closely intermingled with each other and the possibility that Cx-based gap junctions exert such an effect has been postulated (Lee et al. 2007 ). This hypothesis is also supported by previous studies in continual (guinea pig) and seasonal breeder (mink) testes, suggesting that Cx43 between Sertoli cells participates in the formation and regulation of the blood -testis barrier (Pelletier 1995) . It has recently been reported that the blockage of Cx functions by using pan-connexin peptide, which recognizes all the characterized Cx within the testis, concomitantly leads to a diminished occludin expression and upregulated N-cadherin expression (Lee et al. 2006) . Since Cx and occludin are present at the membrane within a protein complex, it has been postulated by these authors that the dysregulation of ZO-1, a common adaptor shared by occludin-and connexin-associated protein complexes (Lee & Cheng 2004) , indirectly hampers the stability and integrity of the occludin associated protein complex.
Further analyses of junctional tight and adherens protein expression in Sertoli cell conditional Cx43 knock-out mice compared with their wild-type and heterozygous littermates could provide new information on a possible relationship between germ cell deficiency in the transgenic mice and the altered blood -testis barrier.
GAP JUNCTION AND CONNEXIN 43 IN PATHOLOGICAL TESTES
To date, although altered testicular Cx43 expression has been reported in mutant rodents with testicular defects and in hypofertile men (Pointis & Segretain 2005; Matsuo et al. 2007; Pointis et al. 2009 ; table 3), a direct relationship between altered Cx and spermatogenesis arrest has not been clearly established. In Sertoli cells of patients with impaired spermatogenesis, alteration of Cx43 expression has been suggested to be a marker of undifferentiated Sertoli cell functionality Altay et al. 2008) ; however, no testicular alteration was reported in men with Cx gene mutations (Lai-Cheong et al. 2007 ). Thus, it has been postulated that altered Cx expression is a consequence of impaired testicular function rather than the cause of the testicular pathology. However, these data do not exclude the possibility that in response to environmental toxicants altered Cx expression may represent one mechanism responsible for the dysfunction of spermatogenesis, as suggested by in vitro findings (Defamie et al. 2001; Mograbi et al. 2003; Fiorini et al. 2004a Fiorini et al. ,b, 2008 Zhou et al. 2008) and studies in rat and trout in vivo exposed to endocrine disrupting chemicals (Aravindakshan et al. 2004; de Montgolfier et al. 2008) .
As generally described for neoplastic cells, Cx gene expression is abnormally downregulated in most testicular tumoral tissue and cell lines. In human testis infiltrated with carcinoma-in-situ (CIS ) or seminoma, Cx43 was undetectable (Brehm et al. 2002) and reduced Cx43 mRNA levels were measured in the tumoral testis (Okada et al. 2003; Brehm et al. 2006) . It is interesting to note that the reduced intratubular Cx43 gene expression during the testicular tumoral progression from CIS to seminoma was concomitantly associated with an up-regulation of another Cx, Cx26, within Sertoli cells and its accumulation within the cytoplasm (Brehm et al. 2002) . Cx26 overexpression and cytoplasmic accumulation has also been reported in numerous carcinomas (pancreas, head and neck, breast, colon, prostate), in keratinocyte-derived skin tumours and in human papillary thyroid and follicular thyroid cancers (reviewed in Cronier et al. 2009 ). Altogether these lines of evidence appear to be inconsistent with the conventional described role of Cxs as tumour suppressors. In addition, it has been recently demonstrated that cytoplasmic accumulation of Cx proteins may exert a favourable effect for tumour progression ). Whether such a situation occurs in the course of tumoral testicular progression is at present questionable. This hypothesis is also supported by the observation that Cx26 is the only known Cx that cannot be controlled by phosphorylation of its C-terminal tail. Although overexpression of cytoplasmic Cx, different from Cx43, may play a role in tumour progression processes, such as invasion and metastasis , there is evidence that the first stages of testicular neoplasia are associated with impaired Cx43 expression. Indeed, by using neoplastic cells originating from the JKT-1 seminoma cell line, we reported that overexpression of Cx43 by transfection of a Cx43-GFP vector not only restored gap junctional intercellular communication but also blocked abnormal proliferation of these cells (Roger et al. 2004) . In this study, we also demonstrated that Cx43 protein was aberrantly trafficked, with accumulation of the protein within the cytoplasm of neoplasic cells. In pure human testicular seminoma, aberrant cytoplasmic Cx43 accumulation has also been demonstrated (Mauro et al. 2008) . In agreement with these findings, the Cx43 signal was mainly sequestered within early endosomes at the earlier stage of testicular tumours confined to Leydig cells and in the BLT1 Leydig cell line originating from the tumour . Altered trafficking of Cx43 is also observed in Sertoli cells exposed to carcinogens (Defamie et al. 2001; Mograbi et al. 2003; Gilleron et al. 2008) . Impaired gap junction coupling and Cx dysfunction have been associated with the action of carcinogens, being a feature of cancer per se. From these collected studies, we suggested that impaired Cx43 trafficking is an early event associated with uncontrolled cell proliferation that could serve as a neoplastic marker during tumour germ cell progression. Interestingly, in human testicular cancer, it has been suggested that the tumour progression may be correlated with an impaired function of Sertoli cells resulting from an undifferentiated status of this somatic cell (reviewed in Sharpe et al. 2003) . Since we have previously demonstrated that coupling via gap junctions occured efficiently between adjacent Sertoli cells but also unidirectionally from Sertoli cells to germ cells (Decrouy et al. 2004) , it could be hypothesized that the loss of proliferation-suppressing signals from Sertoli cells to adjacent CIS cells through Cx43 gap junction channels, due to altered Sertoli cell Cx43 expression, may lead to uncontrolled CIS cell proliferation, which subsequently increases their invasive potentiality.
CONCLUSIONS AND FUTURE PERSPECTIVES
The pivotal role played by gap junction intercellular communication and Cx43, the predominant Cx within the testis, in testicular physiology is now established. The indispensability of Cx43 for normal testicular development and spermatogenesis has been clearly demonstrated in knock-out and transgenic Segretain et al. (2003) mice. Furthermore, Cx43 appears to be a good marker of Sertoli cell function and is implicated in the control of neonatal Sertoli cell proliferation and differentiation, and germ cell proliferation in adulthood. Several areas of gap junction and Cx functions in the testis could be examinated in the future. The specific functions for the other Cxs expressed in the testis such as Cx26, Cx31, Cx32 and the rodentspecific inhibitory member of the gap junction protein family, Cx33, remain to be defined. In addition, one can wonder whether Cx33-like sequences, which have been found on the X chromosome in other species such as humans, chimpanzee and cow, can encode functional proteins comparable to rodent Cx33 and thus exert a similar function (Cruciani & Mikalsen 2006) .
Another interesting point would be to know whether the role of Cx in the testis is mediated only through the formation of gap junctions, through hemi-channels, or as signalling molecules, as recently reported (Kardami et al. 2007) .
The potential role of pannexins, gap junction proteins homologous to invertebrate innexins and recently identified in mammals, also remains to be investigated in the testis. Indeed, mRNAs coding for PANX1, one isoform of the human pannexin family, have been detected in the human testis (Baranova et al. 2004) but not in the mouse testis (Bruzzone et al. 2003) .
Research of new testicular Cx partners and analysis of their potential roles in regard to the complexity of spermatogenesis is also an important challenge for the future. Their specific involvement in the trafficking of the different Cxs present in Sertoli cells, the stability and degradation of the homotypic or heterotypic gap junction channels between Sertoli cells and between Sertoli and germ cells will be interesting to examine.
In addition to their roles in normal Sertoli and germ cell proliferation, dysfunction of gap junction proteins could be related to testicular pathologies associated with abnormal germ cell proliferation such as hypospermatogenesis and human testicular seminoma (figure 3). A better knowledge of Cx control in response to testicular toxic agents through analysis of epigenetic inactivation of Cx genes (Vinken et al. 2009 ) and of impaired trafficking and interaction of Cx with other protein partners (Pointis et al. 2007; Gilleron et al. 2008) will contribute to our understanding of the aetiology and progression of testicular cancer so that better prevention, diagnosis and therapy can be achieved. Figure 3 . Schematic illustration of events and effectors that control spermatogenesis. In the physiological situation, hormones, specific Cx association between compatible Cxs, and Cx interacting proteins control gap junction communication between Sertoli cells and between Sertoli and germ cells. In physiopathological conditions a rupture of this equilibrium (genetic, epigenetic, environmental influence) may be conducive either to hypofertility or abnormal tumor cell proliferation.
